Objectives: Chelating iron may be a promising new therapy to eliminate Pseudomonas aeruginosa biofilms in the lungs of cystic fibrosis (CF) patients. Here, we investigate whether ALX-109 [a defined combination of an investigational drug containing lactoferrin (an iron-binding glycoprotein) and hypothiocyanite (a bactericidal agent)], alone and in combination with tobramycin or aztreonam, reduces P. aeruginosa biofilms grown on human CF airway epithelial cells.
Introduction
Cystic fibrosis (CF), a disease caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, 1, 2 afflicts 70 000 individuals worldwide and is still, to this day, irremediable. Mutations in the CFTR gene result in pancreatic and digestive dysfunction as well as chronic respiratory infections and excessive inflammation in the lungs. 3 Despite improvement in therapies and a considerable increase in longevity over the past decades, 4 chronic airway infections in CF patients, dominated by Pseudomonas aeruginosa for 80% of the adult CF population, 5, 6 still represent a therapeutic challenge. Clinical data suggest that P. aeruginosa forms antibiotic-resistant biofilms in the CF lung, 7, 8 which hinder the efficacy of currently available antibiotics and preclude the eradication of P. aeruginosa. Previously, we demonstrated that P. aeruginosa biofilms grown on CF airway epithelial cells develop a dramatically heightened level of resistance to antibiotics, 9, 10 and that iron released from CF airway epithelial cells is a contributing factor to the development of those biofilms. 9 Remarkably, for reasons that are largely unknown, the iron concentration in the airway surface liquid (ASL) of CF patients is 400-fold higher than that in the ASL of non-CF patients, 11 -13 and reducing iron concentrations in the CF lung has emerged as a potential therapeutic target to eliminate CF airway infections. We also reported previously that the combined use of FDA-approved iron chelators with tobramycin, one of the most frequently used inhaled antibiotics in the CF clinic, dramatically reduced P. aeruginosa biofilm formation on CF airway epithelial cells.
14 Importantly, we reported that iron chelators are most effective, in combination with tobramycin, in reducing P. aeruginosa infections when added to the ASL overlying airway epithelia cells. 14 Unfortunately, the existing FDA iron chelators have only been approved for systemic, not inhalational, use in patients and cannot be co-administered with inhaled antibiotics.
Because FDA-approved antibiotics do not eliminate bacterial airway infections in CF patients, there is a continuing need to develop new therapies. ALX-009 is an investigational drug developed by Alaxia (Lyon, France) that is composed of lactoferrin (an iron-binding glycoprotein) and hypothiocyanite (OSCN 2 ; a bactericidal agent), and has been designed as an orphan drug by both the FDA and the EMA. The data described in this article were generated with ALX-109, one of the numerous combinations of OSCN 2 and lactoferrin currently in development. Both lactoferrin and OSCN 2 are natural components of the innate immune response in the airways, and both lactoferrin and OSCN 2 concentrations are reduced in the CF airways. 15, 16 Lactoferrin, one of the most abundant antimicrobial proteins in normal airway secretions, 17 is an iron-binding glycoprotein that restricts iron availability to bacteria, and thereby limits biofilm formation. 18 Lactoferrin also increases the membrane permeability of Gram-negative bacteria, resulting in bacterial death. 19, 20 In the CF lung, and even more so for P. aeruginosa-infected CF patients, increased activity of cathepsins results in the proteolytic cleavage of lactoferrin, efficiently reducing its anti-biofilm properties. 15 Additionally, lactoferrin concentrations in CF airways are further reduced by the proteolytic action of bacterial elastase secreted by P. aeruginosa biofilms. 21 
OSCN
2 , an antimicrobial compound, is also reduced in CF airways. 16 In the airway lumen, lactoperoxidase catalyses the formation of OSCN 2 from thiocyanate (SCN 2 ) and H 2 O 2 . 22, 23 The antimicrobial action of OSCN 2 is linked to the ability of HOSCN, the protonated form of OSCN 2 , to diffuse through microbial membranes and reduce bacterial metabolism by enhancing the oxidation of sulphydryl groups of essential enzymes. 24 -26 
SCN
2 , a pseudohalide acquired principally from dietary sources and the OSCN 2 precursor, enters airway epithelial cells through the Na + -I 2 symporter on the basolateral side of airway cells and is released into the ASL through the CFTR. 27 The concentration of SCN 2 in the ASL is 460 mM, a 3-to 50-fold higher concentration than in serum. 28, 29 In CF, the lack of CFTR-mediated SCN 2 secretion negatively impacts the lactoperoxidase innate immune system. CF airway epithelial cells are unable to secrete SCN 2 , thereby preventing the production of OSCN 2 and resulting in the accumulation of harmful H 2 O 2 in the airways. 16, 30 Recently, OSCN 2 and OSCN 2 derivatives used in combination with gentamycin or vancomycin were shown to selectively inhibit bacterial growth in vitro. 31 Here, we investigated the efficacy of ALX-109, alone and in combination with tobramycin or aztreonam, antibiotics currently used to treat lung infections in CF patients, to disrupt and to eliminate P. aeruginosa biofilms grown on human CF airway epithelial cells. Inhaled tobramycin (TOBI w , Novartis) and inhaled aztreonam (Cayston w , Gilead), the only two inhaled antibiotics approved to treat P. aeruginosa infections in CF patients, are rapidly eliminated from the CF lung. The concentration of both inhaled antibiotics quickly decreases in sputum, and 2 h post-inhalation their concentration in sputum is ,10% of the inhaled dose. 32, 33 We report that ALX-109 alone reduced PAO1 biofilm formation, but had no effect on established biofilms. Importantly, ALX-109 enhanced the ability of tobramycin and aztreonam to inhibit PAO1 biofilm formation and to reduce established PAO1 biofilms. ALX-109 and tobramycin were also additive in disrupting established biofilms formed by six clinical isolates of P. aeruginosa obtained from the sputum of CF patients. Mucoid P. aeruginosa isolates were the most susceptible to the combination of ALX-109 and tobramycin. In addition, ALX-109 also enhanced the ability of aztreonam to reduce established PAO1 biofilms.
Materials and methods

Materials
Tobramycin (Sigma, St Louis, MO, USA) and aztreonam (MP Biomedical, Solon, OH, USA) were dissolved in sterile water immediately before use. Tobramycin and aztreonam were used at 5-500 and 700 mg/L, respectively. The MICs of aztreonam and tobramycin were previously determined for each of the bacterial strains used in this study. 10 ALX-109 was prepared according to Alaxia's recommendations (Lyon, France) and was composed of 8 g/L apo-bovine lactoferrin and 100 mM OSCN 2 prepared with proprietary Alaxia (Lyon, France) technology.
Bacterial strains
P. aeruginosa strain PAO1 and P. aeruginosa clinical strains (SMC1585, SMC1587, SMC1595, SMC1596, SMC5450 and SMC5451) isolated from the sputum of six independent CF patients at the Dartmouth-Hitchcock Medical Center (Hanover, NH, USA) were grown in rich medium (Lysogeny Broth, LB) at 378C. 10 Isolates SMC1585, SMC5450 and SMC5451 are mucoid, as determined previously on sheep blood agar, MacConkey agar and Mueller-Hinton agar. 10 For co-culture biofilm assays, P. aeruginosa overnight cultures in LB were washed twice in cell-growth medium and suspended in cell-growth medium without antibiotics or phenol red (see below).
Cell line and cell culture
Human bronchial epithelial cells (CFBE41o-), hereafter called CFBE cells, were originally isolated from a CF patient homozygous for the DF508-CFTR mutation and further transduced to stably express DF508-CFTR. 34, 35 Cells were a generous gift from Dr J. P. Clancy at the University of Alabama. Cells were maintained in MEM supplemented with 10% FBS, 2 mM L-glutamine, 50 U/mL penicillin, 50 g/L streptomycin, 5 g/L plasmocin and 2 g/L puromycin in a 5% CO 2 -95% air incubator at 378C. For co-culture biofilm studies, cells were seeded at 0.2×10 6 cells/well in 12-well plates (Corning Incorporated, Corning, NY, USA) and grown for 7-9 days at 378C to establish confluent monolayers and tight junctions. 34, 35 Penicillin, streptomycin, plasmocin and puromycin were removed immediately before experiments.
ALX-109 cytotoxicity
ALX-109 was applied to the apical side of CFBE cells for 1, 2, 3, 4, 6 or 16 h. In addition, the ability of ALX-109 to reduce the cytotoxic effects of PAO1 on CFBE cells was also examined. At the end of treatment, the medium was isolated for measurements of lactate dehydrogenase (LDH) and CFBE cells were disrupted with multiple freeze -thaw cycles to measure the total amount of LDH in cells. LDH concentrations were measured using the Cyto Tox96 w non-radioactive cytotoxicity assay (Promega, Madison, WI, USA) according to the manufacturer's instructions. Cytotoxicity was expressed as the LDH released into the medium divided by the amount of LDH in cell lysates × 100, and expressed as the percentage LDH released by CFBE cells. Assays were performed in triplicate and experiments were performed three times with independent preparations of ALX-109.
Static co-culture biofilm assays
The efficacy of treatments at either preventing biofilm formation (prevention assay) or disrupting established biofilms (disruption assay) was assessed using a well-described co-culture biofilm model developed by our laboratory. 36, 37 Briefly, P. aeruginosa was applied at the apical surface of confluent monolayers of CFBE cells previously washed with MEM to ALX-109 and iron chelation 161 JAC Downloaded from https://academic.oup.com/jac/article-abstract/70/1/160/2911314 by guest on 04 March 2019 eliminate antibiotics and allowed to attach to the cells for 1 h. CFBE monolayers were consequently washed to remove any unattached bacteria. For biofilm prevention assays, ALX-109 alone (8 g/L apo-bovine lactoferrin and 100 mM OSCN 2 ) or in combination with tobramycin (5 mg/L, a concentration determined by us to modestly reduce P. aeruginosa biofilms, see Figure 2 ) or aztreonam (700 mg/L, the concentration achieved in the CF lung) 38 was applied immediately after washing and maintained for 5 h in the presence of 0.4% arginine as described previously. 36, 37 At the end of treatment, CFBE monolayers were visually inspected using phasecontrast microscopy to assess whether their integrity had been compromised as described previously. 37 Triton X-100, 0.1%, was then added for 15 min to lyse the airway cells and isolate bacteria. The lysate was then vortexed for 3 min and cfu were determined by serial dilution and spot titre onto LB plates. The detection limit of the assay was 200 cfu/well. Alternatively, for biofilm disruption assays, P. aeruginosa was applied at the apical surface of confluent monolayers of CFBE cells and allowed to attach to the cells for 1 h, whereupon unattached bacteria were removed by changing the cell culture medium. 36, 37 Thereafter, biofilms were allowed to fully develop on the airway cells for 5 h before being exposed to ALX-109 (8 g/L apo-bovine lactoferrin and 100 mM OSCN 2 ) alone or in combination with tobramycin or aztreonam. At 16 h after the addition of drugs, CFBE monolayers were visually inspected and cfu were determined by spot titre as described above.
Statistical analysis
Data were analysed with GraphPad Prism 4.0 for Macintosh (GraphPad Software Inc.; San Diego, CA, USA). Data were log-transformed and analysed by one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test. Data are expressed as mean+SEM. A P value ,0.05 was considered significant. Statistical significance is presented in the figures.
Results and discussion
ALX-109 reduces PAO1-induced cytotoxicity
ALX-109 is a defined combination of an investigational drug composed of lactoferrin and OSCN 2 , both part of the normal innate immune defence of the lungs in response to bacterial infection. Purified lactoferrin is well tolerated by mammalian cells and is undergoing clinical trials in patients with sepsis. 39 Here, we investigated whether ALX-109 was cytotoxic to the human airway cells used in our studies. ALX-109 alone had no effect on LDH release by CFBE cells after 1, 2, 3, 4 or 6 h. However, after 16 h ALX-109 significantly increased LDH release by CFBE cells (Figure 1) . As reported previously, PAO1 significantly increased LDH release by CFBE cells; however, ALX-109 significantly reduced the PAO1-stimulated LDH release. Thus, ALX-109 reduced the cytotoxic effects of PAO1 on CFBE cells.
ALX-109 prevents P. aeruginosa biofilm formation on human airway epithelial cells
The anti-biofilm properties of ALX-109, alone or in combination with tobramycin or aztreonam, were tested using a well-characterized static co-culture model developed by our laboratory. 36, 37 In this model, confluent, polarized monolayers of CFBE cells are inoculated with P. aeruginosa applied to the apical side of the airway cells. Bacteria are given 1 h to attach to the cells, after which time unattached bacteria are removed and the co-culture system is treated with ALX-109 alone (8 g/L apo-bovine lactoferrin and 100 mM OSCN 2 ) or in combination with tobramycin (5 mg/L) or aztreonam (700 mg/L) for 5 h, as described in the Materials and methods section. The efficacy of treatment in preventing the development of P. aeruginosa biofilms was quantified by cfu counting. ALX-109 alone reduced PAO1 biofilm formation by 0.7 log units, corresponding to a killing of 60% of the bacteria compared with the vehicletreated control (Figure 2 ). Tobramycin alone reduced PAO1 cfu by 3.9 log units, while, in combination with ALX-109, it reduced PAO1 cfu by 4.4 log units compared with the untreated control (Figure 2) . Thus, the combination of ALX-109 and tobramycin reduced cfu by 0.5 log units compared with tobramycin alone.
Aztreonam, a recently approved antibiotic for CF patients, alone reduced PAO1 cfu by 4 log units, and the combination of ALX-109 and aztreonam reduced PAO1 cfu by an additional 1 log unit (Figure 2 ). These data demonstrate that the combination of ALX-109 with either tobramycin or aztreonam has an additive effect on preventing PAO1 biofilm formation on human airway epithelial cells.
ALX-109 potentiates the efficacy of tobramycin and aztreonam at disrupting mature PAO1 biofilms
When PAO1 biofilms are grown on human airway cells, they rapidly become highly resistant to tobramycin and several other antibiotics. 9, 10, 36 To test the efficacy of ALX-109 to enhance the ability of tobramycin or aztreonam to disrupt established biofilms, PAO1 biofilms were grown on the apical side of CFBE cells for 6 h, after which time ALX-109 (8 g/L apo-bovine lactoferrin and 100 mM OSCN
2 ) was applied alone or in combination with tobramycin (5 mg/L) or aztreonam (700 mg/L) for another 16 h. Subsequently, bacterial cfu were determined as described above. ALX-109 alone had no effect on established biofilms (Figure 3) . Tobramycin alone reduced the cfu of established biofilms by 3 log units. Despite the lack of effect of ALX-109 alone on established biofilms, the combination of ALX-109 and tobramycin decreased established biofilms by 7 log units, compared with untreated controls, an effect significantly larger than that observed with tobramycin alone (i.e. 3 log units, Figure 3) .
Aztreonam alone reduced established biofilms by 1.5 log units, and the combination of aztreonam and ALX-109 reduced established biofilms by 3 log units (Figure 3) . Taken together, the data presented in Figure 3 demonstrate that ALX-109 enhances the ability of tobramycin and aztreonam to disrupt established PAO1 biofilms growing on human CF airway cells. The additive effect observed between ALX-109 and tobramycin was more robust than the one observed between ALX-109 and aztreonam.
ALX-109 combined with tobramycin or aztreonam is efficacious against biofilms of clinical isolates of P. aeruginosa
The efficacy of ALX-109, alone and in combination with tobramycin or aztreonam, was also examined on established biofilms formed by six clinical P. aeruginosa strains isolated from the sputum of CF patients. These strains form highly antibiotic-resistant biofilms on CFBE cells. 10 Strains SMC1585, SMC5450 and SMC5451 are mucoid, as described elsewhere. 10 The effect of ALX-109 alone on established biofilms was strain dependent. ALX-109 alone significantly reduced cfu by 1-2 log units for four clinical isolates (SMC1587, SMC1596, SMC1585 and SMC5451, all P,0.05 compared with control), but had no effect on the other two isolates (SMC1595 and SMC5450) (Figure 4) . The effect of tobramycin alone on established biofilms was also strain dependent. Tobramycin alone significantly reduced cfu by 1-3.5 log units for four clinical isolates (SMC1587, SMC1595, SMC1585 and SMC5450, all P,0.05 compared with control), but had no effect on SMC1596 and SMC5451 (Figure 4) . As observed for ALX-109, mucoidy did not seem to play a role in the resistance of the clinical isolates to tobramycin, in agreement with previous studies. 10 Interestingly, the strains that were not responding to ALX-109 were different from the strains that were resistant to tobramycin.
The combination of ALX-109 and tobramycin reduced the cfu by 2 -6 log units in all six clinical isolates compared with control (P,0.05 for all isolates). In addition, the combination of ALX-109 and tobramycin also reduced the cfu by 1 -4 log units in all six clinical isolates compared with tobramycin alone (P,0.05 for all isolates). Mucoid phenotype does not seem to be a factor influencing the efficacy of ALX-109 on P. aeruginosa biofilms; however, mucoid P. aeruginosa isolates were the most susceptible to the combination of ALX-109 and tobramycin. , for an additional 16 h, in a co-culture disruption assay. In the absence of antibiotics and even in the presence of ALX-109, PAO1 developed biofilms that destroyed the integrity of CFBE monolayers overnight as assessed by visual inspection. ALX-109 alone was unable to disrupt established biofilms, whereas ALX-109 and tobramycin together maintained the integrity of CFBE monolayers and decreased established PAO1 biofilms, an effect significantly larger than that of tobramycin alone. Similarly, an additive effect was observed between ALX-109 and aztreonam, although not as strong as the one observed with ALX-109 and tobramycin. ALX-109 and aztreonam also maintained the integrity of CFBE monolayers. Experiments were performed in triplicate and results are presented as mean+SEM. Data were log-transformed and analysed by one-way ANOVA and Bonferroni's multiple comparison test. *P, 0.05 versus the untreated control. **P,0.05 versus the indicated comparison. 
ALX-109 and iron chelation
In contrast to tobramycin, aztreonam alone reduced the cfu by 2 -5 log units for all six clinical isolates of P. aeruginosa (Figure 4 , P,0.05 compared with control). The combination of ALX-109 and aztreonam reduced cfu by an additional 1 -3 log units compared with aztreonam alone, indicating that the effect of ALX-109 and aztreonam was additive for all six clinical isolates tested (Figure 4 ). Unlike tobramycin, the effect of aztreonam was equally robust on both mucoid and non-mucoid clinical isolates (Figure 4 ).
ALX-109 potentiates the anti-biofilm effect of tobramycin: dose-dependent effects
Additional studies were conducted to examine the ability of ALX-109 to reduce established P. aeruginosa biofilms on CFBE cells in combination with tobramycin used at clinically relevant concentrations from 0 to 500 mg/L. The rationale for this experiment is that in the CF lung the peak concentration of tobramycin is 1000 mg/L immediately after administration, and rapidly declines to 100 mg/L over 2 h. 32 CF patients typically inhale tobramycin twice a day, resulting in a tobramycin concentration that fluctuates in the CF lung. For these reasons, we selected a range of tobramycin concentrations representing those measured in the lung environment of CF patients between inhalations. Tobramycin reduced the cfu of established biofilms in a dose-dependent manner for all six clinical isolates of P. aeruginosa studied ( Figure 5 ). Moreover, tobramycin alone completely eliminated biofilms formed by four of the six clinical isolates of P. aeruginosa studied; however, the highest dose of tobramycin tested did not eliminate biofilms formed by SMC1587 and SMC5451 (Figure 5 ).
In the last series of studies we examined the ability of ALX-109 to enhance the ability of tobramycin to eliminate established biofilms formed by six clinical isolates of P. aeruginosa. Importantly, ALX-109 dramatically enhanced the ability of tobramycin to eliminate established P. aeruginosa biofilms on CFBE cells. In five of the six clinical isolates of P. aeruginosa, ALX-109 reduced the concentration of tobramycin required to eliminate biofilms at least 5-fold ( Figure 5 ). Thus, taken together, studies presented in Figure 5 demonstrate that ALX-109 will enhance the ability of tobramycin to eliminate drug-resistant biofilms in the CF airway.
Conclusions
Here, we showed that ALX-109, a defined combination of an investigational drug composed of lactoferrin and OSCN 2 , potentiates the ability of tobramycin and aztreonam to reduce biofilm formation and to disrupt P. aeruginosa biofilms established on CF airway epithelial cells. ALX-109 reduced the concentration of tobramycin required to eradicate P. aeruginosa biofilms 5-fold. This observation is clinically significant because current treatments with tobramycin and/or aztreonam do not alleviate the chronic respiratory infection with P. aeruginosa in CF patients. P. aeruginosa is naturally resistant to many antibiotics 40, 41 and subinhibitory concentrations of aminoglycosides, such as tobramycin, have been shown to enhance biofilm formation by P. aeruginosa. 42 As such, antimicrobial agents are often used in combination in order to achieve synergistic effects against P. aeruginosa CF isolates. Several classes of compounds have been tested in combination with tobramycin 43 -45 and have resulted in mixed effects against P. aeruginosa. The high-sodium Mucoid * * * * * environment of the CF lung has also been shown to potentially play a role in interfering with antibiotic efficacy. 45 Here, the combination of tobramycin with lactoferrin and OSCN 2 resulted in an additive effect against P. aeruginosa clinical isolates. In conclusion, these data suggest that the association of lactoferrin and OSCN 2 in combination with inhaled antibiotics used in CF (tobramycin and aztreonam) has the potential to become an inhalation therapy beneficial to CF patients by decreasing the airway bacterial burden of P. aeruginosa. Additional studies are required to identify the optimal concentrations of lactoferrin and OSCN 2 (i.e. ALX-009, the formulation in development) that in combination with tobramycin or aztreonam will maximally both prevent P. aeruginosa biofilm formation and reduce established P. aeruginosa biofilms. ALX-109 and iron chelation
